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Room-temperature ferromagnetism is observed in reduced rutile TiO 2Ϫ␦ by Fe doping. The epitaxial films grown by pulsed-laser deposition are carefully examined by x-ray diffraction, transmission electron microscopy, and magnetic and transport measurements. The films exhibit the extraordinary Hall-effect and thin-film magnetic shape anisotropy. The magnetic moments and anticipated Curie temperatures of the films rule out Fe particles, iron oxides, and Ti-Fe oxides as possible sources for the observed magnetic signals. The carriers of the Fe-doped reduced rutile are p-type, with a carrier density of 1ϫ10 22 
/cm
3 . This room-temperature dilute magnetic semiconductor should find potential applications in spintronics. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1593825͔ Dilute magnetic semiconductors have received considerable attention because of their combined magnetic and transport properties, which are desirable for spintronics applications.
1-5 Recently, it has been reported that ferromagnetic state exists in Co-doped anatase TiO 2 semiconductors at RT. 6 X-ray absorption spectroscopy study on Co-doped anatase films suggests that Co is in the 2ϩ oxidation state rather than forming metal clusters. 7 RT ferromagnetism has also been indicated when rutile, another common structure of TiO 2 , is doped with Co. 8, 9 However, there has been no report on the magnetotransport properties of these systems to confirm that the carriers are indeed coupled to the magnetism. It has been controversial as to whether Co-doped TiO 2 is a true magnetic semiconductor or if the effect is due to the clustering of magnetic dopant. 10 Here, we report RT ferromagnetism in Fe-doped TiO 2Ϫ␦ films of reduced rutile structure by pulsed-laser deposition ͑PLD͒. Extraordinary Hall effect ͑EHE͒ observed in the films suggests that the carriers interact with the ferromagnetism. Another important result of our study is that the carriers of this magnetic semiconductor are p-type, contrary to the n-type reported for Co-doped anatase TiO 2 . 7 Stoichiometric rutile TiO 2 crystallizes in a tetragonal lattice and is easily reduced by forming oxygen vacancies or titanium interstitials. Large concentrations of vacancies and/or interstitials condense into platelets that are removed from the structure by forming Magnéli shear planes. 11, 12 The shear planes are ͑101͒ planes relative to the stoichiometric rutile tetragonal lattice, and the reduced rutile forms a homologous series of compounds Ti n O 2nϪ1 (nϭ4,...,10), with triclinic structure.
Fe x Ti 1Ϫx O 2Ϫ␦ (xϭ0.02, 0.06, and 0.08͒ thin films were epitaxially grown on ͑012͒ oriented ␣-Al 2 O 3 substrates by PLD. The films were prepared in vacuum at a substrate temperature of 980 K. The pressure during the deposition was 1ϫ10 Ϫ6 Torr. The pulsed excimer laser uses KrF ( ϭ248 nm) and produces a laser beam of intensity of 1 -2 J/cm 2 and repetition rate of 4 -10 Hz. The deposition rate is between 0.2 and 0.7 Å/s, and the film thickness varies from 120 to 300 nm.
X-ray diffraction ͑XRD͒ results indicate that the films are single phase and of reduced rutile type with ͑202͒ plane, relative to the stoichiometric rutile tetragonal cell, parallel to the film plane. Figure 1͑a͒ shows the -2 XRD scans of the samples Fe x Ti 1Ϫx O 2Ϫ␦ (xϭ0.02, 0.06, and 0.08͒. The ͑101͒ and ͑202͒ reflections of the stoichiometric rutile are also shown as two vertical lines. The main peak at the center of the scans is that of the substrate. The ͑202͒ peaks are shifted toward lower 2 angles and are present in all three samples. However, the ͑101͒ peak is absent in samples xϭ0.02 and 0.08 due to substantial reduction that forms a Magnéli shear plane. The degree to which sample xϭ0.06 is reduced is different than the other two; however, both ͑101͒ and ͑202͒ peaks are shifted toward lower angles, which is consistent with the formation of reduced rutile, 13 but may also be influenced by the Fe doping.
Transmission electron microscopy ͑TEM͒ shows that the films are epitaxially grown ͓see Fig. 1͑b͔͒ , where the lattice planes of the film and substrate are clearly seen and their orientations well defined. A selected area diffraction pattern indicates that the films have the triclinic structure of Ti n O 2nϪ1 .
Vibrating sample magnetometer measurements show the films are ferromagnetic at room temperature. Figure 2 shows the magnetic hysteresis curves taken at RT. If one assumes that only Fe contributes to the magnetization ͑see subsequent discussion͒, the magnetic moment at a field of 10 kOe is about 2. netic impurities. The other two samples exhibit similar anisotropy.
The upper-left inset of Fig. 2 shows the temperature dependence of the magnetization M of sample xϭ0.02. M starts to fall as the temperature is near 400 K, suggesting that the system is approaching the Curie temperature, which makes it unlikely that Fe metal particles (T C ϭ1045 K) be the magnetic impurity. It is impossible for iron oxides like Fe 3 O 4 and ␥-Fe 2 O 3 to give rise to the magnetic signals because, in addition to the Curie temperature discrepancy, their moments are too small (р1.3 B /Fe) compared to our samples. Ti-substituted iron oxides have even smaller magnetic moment per Fe atom. The magnetization of the ferromagnetic component of parasitic ferromagnets ␣-Fe 2 O 3 and FeTiO 3 is extremely small, much smaller than ϳ1 B /Fe. The solid solution between ␣-Fe 2 O 3 and FeTiO 3 has a comparable moment over some composition range, but only at low temperatures.
The films exhibit increasing resistivity with decreasing temperature ͑see Fig. 3͒ . The inset shows the details of the resistivity curves in the high-temperature region. They are almost temperature-independent near room temperature. The carrier density obtained from the Hall measurements ͑see subsequent discussion͒ is about ϳ10 22 /cm 3 ͑holes͒. The combination of the semiconducting behavior and high carrier density suggests the films are compensated semiconductors. The compensation allows the samples to remain semiconducting at a higher carrier density compared to the uncompensated samples. 14 We are currently trying to obtain reliable data on the temperature dependence of the carrier densities to further understand this behavior. Nevertheless, the temperature dependence of the resistivity of our samples is consistent with that of a compensated semiconductor: it follows exponential temperature dependence at low temperature and saturates at RT. The RT resistivity increases slightly from ϭ0.0015 to 0.0022 ⍀ cm as x changes from 0.02 to 0.08.
The Hall effect of the films was measured with a fourprobe method at room temperature. All three films exhibit EHE associated with a ferromagnet. Figure 4 shows the Hall hysteresis loops for the three samples. The current used is different for each sample: Iϭ50, 400, and 500 A for samples xϭ0.02, 0.06, and 0.08, respectively. The EHE exhibits hysteresis loops with coercivities corresponding to those in the magnetic hysteresis loops. Our data suggest that the Fe-doped reduced-rutile films are indeed ferromagnetic semiconductors. The observation of the EHE indicates that the carriers are strongly coupled to the magnetism of the films. It should be mentioned here that EHE gives one of the most conclusive pieces of evidence for a true magnetic semiconductor. 15 It is not possible for the magnetic nanoparticles imbedded in a nonmagnetic medium to give rise to EHE in our films. Were they responsible for the EHE, the coercivity in the Hall hysteresis would have been zero or very small because the particles have to be sufficiently small ͑a few nanometers͒ to lead to significant scattering. This contradicts the large RT coercivity observed in our films. Careful TEM investigation has not found any nanoparticles or impurity phases in the samples.
The magnetic-field dependence of the sheet resistance of the films does not show giant magnetoresistance ͑GMR͒ typically associated with a granular system. GMR is expected and has always been observed in systems in which magnetic nanoparticles are claimed to give rise to the EHE. 16 -18 The absence of GMR in our films suggests it is impossible that magnetic nanoparticles/impurities are imbedded in a nonmagnetic matrix.
The carriers of the magnetic semiconductors are p-type, which is determined from the ordinary Hall effect observed at high fields. The inset of the middle panel of Fig. 4 shows the Hall voltage as a function of applied magnetic field in the high-field region (Ϫ85 kOeϽHϽ85 kOe) at 300 K for Fe 0.06 Ti 0.94 O 2Ϫ␦ . The carrier density of 1ϫ10 22 /cm 3 is estimated from the slope of the high-field data. It ought to be noted that n-type carrier was reported for Co-doped anatase TiO 2 ; 7 however, this material has yet to demonstrate EHE. The origin of the magnetism in our films is not understood, but might be related to the Zener-type hole-mediated Ruderman-Kittel-Kasuya-Yashida-like interaction, which is responsible for the known magnetic semiconductor such as ͑Ga,Mn͒As. [19] [20] [21] The large hole concentration in our samples may have played an important role in the coupling between the Fe magnetic moments that gives rise to the RT ferromagnetism. When one pays attention to the unique structure of the reduced rutile, which produces Ti 3ϩ ions with a 3d moment, both Fe and Ti may contribute to the magnetization. The possible involvement of Ti (3d) electrons makes this system even more interesting, and its understanding possibly more challenging. Photoemission experiments in Ti 4 O 7 have shown the formation of 3d band at the Fermi level at RT, which shifts to below the Fermi level at low temperature. 22 The Fe-doped Ti n O 2nϪ1 may have the top of the 3d band located near or below the Fermi energy. The current carriers in such situations can be expected to involve holes.
